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ABSTRACT

THE EFFECT OF SPERMIDINE
ON THE TRANSCRIPTION OF
DNA BY RNA POLYMERASE

by

ROBERT B. TANGUAY
The effect of spermidine has been explored in
in vitro RNA polymerase assays using mammalian DNA
templates (rat liver DNA) and purified bacterial enzyme
(Micrococcus lysodelkticu3 RNA polymerase).
avenues of research were:

The main

(1) to determine if polyamines

stimulate in vitro RNA synthesis primarily at the level
of RNA-enzyrae interaction or at the DNA-RNA-enzyme
complex;

(2) to determine if the polyamines cause any

change in the type of nascent RNA.
Spermidine at levels causing maximum stimulation of
transcription did not cause the dissociation of the DNARNA-enzyme complex in sucrose density gradient experiments.
Also, it was observed in melting profile experiments that
spermidine stabilized the triple strand hybrid of native
DNA-RNA to the same extent as the DNA <*. helix is stabilized
against heat denaturation.

ix

Spermidine at low levels did, however, release and/
or prevent RNA-enzyme interaction.

In sucrose density

gradient experiments approximately 60% of a synthetic
homoribopolymer (poly U) was released from a complex with
RNA polymerase; a result which could not be duplicated
with the use of divalent inorganic cations.

The inhibi

tion caused by the addition of different RNAs to enzyme
reaction mixtures was released by the addition of
spermidine to a final concentration of ij. mM.
It appears, therefore, that the major function of
polyamines in stimulating in vitro transcription is to
prevent or release nascent RNA-enzyme interaction thus
allowing more free enzyme to initiate further synthesis.
Disc gel electrophoresis patterns of purified in
vitro synthesized product RNAs indicated that RNA
synthesized in the presence of spermidine consisted of
lower molecular weight chains than the iji vitro synthesized
RNA made in the absence of spermidine.

When the purified

RNAs were used in DNA-RNA hybridization experiments, the
RNA synthesized in the presence of ^ mM spermidine
hybridized only to approximately $0% of RNA synthesized
in the absence of spermidine.
A possible explanation of these results is that, in
the absence of spermidine, termination specificity Is
lost and more genes on the same DNA strand are transcribed.
A second possible explanation is that RNA synthesized in

x

the presence of spermidine is transcribed from only one
strand of the native DNA (asymmetric transcription) and
in the absence of spermidine the RNA is transcribed from
both strands of the DNA (symmetric transcription).

xi

LITERATURE REVIEW
Occurrence
Putreseine and the polyamines, spermidine and
spermine are ubiquitous aliphatic amines.

Perhaps the

first record of the occurrence of polyamines is found
in a report to the Royal Society by Leeuwenhoek almost
three Centuries ago (I678 ).

The crystals he saw in

human semen were probably spermine phosphate.
Since that time these cations have been demonstrated
in almost all mammalian tissues with higher concentrations
in pancreas, liver, spleen, kidney, brain, bone marrow
tt it tt
and prostate (Hamalainen, (19^7)» Spermine and spermidine
have also been observed in animal blood,

Rosenthal and

Tabor (19f?6) and later Raina (1962) demonstrated that
the polyamines occur in the formed elements of the blood
and none is found in the plasma.
These organic cations have also been found in plants,
invertebrates, microorganisms and viruses.

This litera

ture has recently been reviewed (Rozene, 1967 and Dion,
1968) and will not be included here.
Biosynthesis and Degradation
The biosynthesis of spermidine was first examined in
bacteria by Tabor and co-workers (1956).

Using l^c - ^ N -

1,14. diaminobutane (putrescine) in growing Escherichia coll
and Aspergillus nidulans, they showed that the four carbon
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unit of the spermidine molecule is derived from this
degradation product of the arginine biosynthetic pathway.
A year later Green (1957) demonstrated that the propyl
amine moiety of spermidine is derived from the amino acid
methionine.

Subsequently Tabor et al. (1957* 1958* I960)

and Tabor (1962) purified the enzymes and demonstrated
the biosynthesis of spermidine from putrescine and meth
ionine using cell free extracts of E. coll.

The biosyn

thetic pathway postulated from in vitro studies is out
lined in Figure 1.
In the first step the adenosine portion of ATP is
coupled to the sulfur atom of methionine by a single
enzymatic step with the liberation of pyrophosphate and
inorganic phosphate.

In the second step, catalyzed by

adenosylmethionine decarboxylase, CO 2 is liberated from
S-adenosylmethionine producing a "decarboxylated adenosylmethionine".

This product reacts with diaminobutane in

a single enzymatic step catalyzed by propylamine trans
ferase.

The propylamine moiety is transferred from the

sulfonium compound to the receptor amine forming the
polyamine spermidine and one mole of methylthioadenosine.
The formation of putrescine as an intermediate in
arginine degradation has been investigated by Morris et
al. (1965, 1966, 1967) and two major pathways have been
demonstrated.

The first, shown in figure 1, yields

putrescine through decarboxylation of ornithine.

In the
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second route arginine is decarboxylated to agmatine;
the guanidino group of this intermediate is then hydro
lyzed yielding putrescine and urea as final products.
Tabor et al. in 19^8 also showed that putrescine is
incorporated into spermine suggesting the possible role
of spermidine to act as a precursor for the biosynthesis
of the tetra-amine compound.

This role was later con-

It

firmed by Janne and Raina (1966) and by Siimes (1966, 1967).
Siimes (1967) also demonstrated the converse reaction,
formation of spermidine from spermine, in rat tissue.
The biosynthesis of polyamines in mammalian tissue
has been investigated recently.

The precursors of sper

midine in bacteria, i.e. putrescine, ornithine and meth
ionine were shown by Raina (1962, 1963) to be incorporated
into spermidine and spermine in developing chick embryos.
Since then, Raina (196i|.), Janne and Raina (1966) and
II
Janne (1967) have studied the incorporation of putrescine
and methionine into polyamines in various rat tissues.
The biosynthetic pathway appears to be the same as that
proposed for microorganisms.
Aside from the interconversion between spermidine
and spermine as mentioned previously, little is known
concerning the metabolic pathways associated with the
in vivo degradation of the polyamines in animal tissues.
Hirsch (1953# a, b) demonstrated the presence of a
specific plasma enzyme, spermine oxidase, for the in vivo
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oxidation of diamines and polyamines.

Further work by

Siimes (1967) revealed that both polyamines yield carbon
dioxide when metabolized by the rat.

Specific degrada-

tive pathways, however, remain to be elucidated.
Physiological Role
Ever since the observation by Herbst and Snell in
1914.9 that putrescine and the related polyamines are growth
requirements for Hemophilus parainfluenzae effort has
been expended to study the subcellular function of these
organic molecules, not only in microorganisms but in
mammalian systems as well.
The relationship between putrescine and polyamine
levels and rapid cell proliferation in carcinoma, organ
regeneration and growth processes has been of particular
interest.

Bachrach et al. (1967) observed the presence of

free polyamines in Ehrlich ascites cell3.

These compounds

have also been found in mouse mammary carcinoma, sarcoma
and hepatoma (Rosenthal and Ta bor,'1956; Neish and Key,
1967).
Spermine and spermidine levels in embryonic tissue
have been investigated.

While no polyamines could be

detected in unincubated eggs (Raina, 1963; Caldarera
et al., 1965), concentrations of spermidine and spermine
in the embryos increased sharply during incubation.
Raina (1963) observed two polyamine concentration maxima.
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These periods of increased polyamine concentration were
paralleled with increased nuclear activity and elevated
ribonucleic acid concentration.
Studies on the metabolism of the polyamines in rat
liver were initiated by Dykstra and Herbst (1965).

They

observed a similar correlation between the rise in
spermidine concentration and increased RNA content in
lj.8 hour regenerating rat liver as was noted in embryonic
tissue by Raina.

The level of spermine remained rela

tively stable but putrescine uptake increased during this
same period suggesting a role for putrescine in the bio
synthesis of other polyamines.

The results of Dykstra

and Herbst were confirmed by similar experiments of Raina
et a l . (1966).

Kostyo (1966) presented data showing that

hypophy3ectomy caused a marked decrease in spermidine con
tent of the liver.

Upon administration of growth hormone,

however, the polyamine level was restored within 2I4. hours.
The subcellular function of the polyamines has been
widely investigated.

Their role as effective stabilizing

agents has been established by several Independent studies.
Mager in 1959 and Tabor in i960, using bacterial proto
plasts, demonstrated a stabilizing effect of the poly
amines on cellular membranes.

Tabor expanded this obser

vation to mitochondria, and Herbst and Witherspoon (i960)
in the same year demonstrated inhibition of spontaneous
swelling of mitochondria by spermine thus confirming the
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results of Tabor.

Other investigators (Cohen and

Lichtenstein, I960; Colburn et al., 1961) have presented
evidence that the ribosomes are also stabilized by the
polyamines.

Nuclei stabilization has been demonstrated

by Davidson and Anderson (i960 ) and by MacGregor and
Mahler (1967).

Tabor (1962) showed that spermine and

spermidine protected both mammalian and bacterial DNA
against heat denaturation.
The stabilization of the polynucleotides is reflected
in the stimulation of both homocatalytic and heterocatalytic copying of DNA, i.e., DNA replication and RNA
synthesis respectively.

The stimulatory effect of the

polyamines upon DNA replication has been observed by
Brewer and Rusch (1966).

Several investigators (Pox et

al., 1965; Krakow, 1966; Fuchs et al., 1967; Abraham,
1968) have studied the role of the polyamines in tran
scription.

Still others (Hershko, 1961; Norton et al.,

1968) have associated polyamines with ribosomes and the
enhancement of amino acid incorporation.
The effect of ionic strength on in vltro RNA synthesis
has been investigated by several workers.

Although not

directly Involving polyamines, the next few articles are
pertinent as much of the work with polyamines has paral
leled studies in which inorganic salts have been used to
alter the ionic strength of in vitro RNA polymerase re
action mixtures.
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In 1966 Pogo e_t al, reported that there was a strik
ing difference between the RNA synthetic capacities of
normal and regenerating liver nuclei.

RNA synthesis using

regenerating liver nuclei is 2 - 3 times that of normal
nuclei.

The change is largely due to an increase in the

number of DNA sites available for transcription in the
RNA polymerase reaction.

They were able, however, to in

crease the synthetic capacity of normal liver nuclei by
the addition of ammonium sulphate.

Not only was synthesis

increased but the type of RNA made was more DNA-like in
base composition.

Their results suggest that there is a

major change in the structure and/or properties of the
chromatin during gene activation.
Widnell and Tata (1966) confirmed the work of Pogo
et a l .

They concluded from nearest neighbor base fre

quency analysis and base composition studies that nuclei,
in the absence of ammonium sulphate, synthesize an RNA
similar in composition to ribosomal RNA.

Addition of the

salt to a final concentration of %% saturated induces the
synthesis of an RNA with approximately the same content
of all four nucleotides indicating that it has a base
composition more like DNA and is perhaps a messenger RNA.
Two years later, Chambon et al. (1968) examined the
hypothesis that stimulation of RNA synthesis by increased
ionic strength i.e., addition of ammonium sulfate, was
related to the removal of histones from the deoxyribo-
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nucleoprotein complex.

They compared the results of RNA

synthesis using chromatin in the presence of high salt
with synthesis using chromatin treated with polyethylene
sulphonate, a strong polyanion which interacts with the
basic histones.

The conclusion drawn was that chromatin

specificity is lost at high ionic strength allowing tran
scription identical to that obtained with deproteinized
DNA.
Stackhouse and his co-workers (1968) demonstrated a
mild but significant (10 - 12$) increase in in vitro rat
liver chromatin template efficiency for RNA polymerase
activity in the presence of cortisol.

They suggest that

the stimulatory effect of cortisol may be due to the
activation or 'derepression' of certain genetic loci in
the DNA molecules either by removal of proteins from the
template or by 'destabilization' of small segments of the
DNA causing strand separation thus assisting enzyme action.
Wyatt and Tata (1968) studied the type of RNA synthe
sized with hormone; tri-iodothyronine, hydrocortisone or
growth hormone.

When one of the hormones was administered

to hormone deficient rats there was a 2 - ij. fold increase
in lnvlvo uptake of RNA precursor (JH orotic acid).

The

additional RNA synthesized in the presence of hormone
showed very limited hybridization, characteristic of ribosomal RNA, with rat DNA.
A rise in the level of spermidine in both embryo-
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genesis and regeneration suggests a possible role of the
polyamine In regulating RNA synthesis and perhaps other
processes involving nucleic acids.

The role of the poly

amines in regulating RNA synthesis has been the subject
of much investigation over the past several years.
Comparative studies have indicated that there is a
close resemblance between the effects of the polyamines
in regenerating rat liver and embryonic tissue.

Church

and McCarthy in two successive papers (1967, a; 1967, b)
demonstrated a correlation between the type of RNA
synthesized in early regenerating liver and ll+ day
embryonic liver in mice.

Employing competition hybrid

ization techniques, they showed that embryonic liver RNA
is an efficient competitor for early regenerating liver
RNA.

Such findings suggest that much of the regenerating

liver RNA is the result of re-activation of genes active
in liver development but repressed in adult liver.
As early as 1963 Krakow studied the effect of poly
amines on exogenous Azotobacter vlnelandil RNA polymerase
activity on native calf thymus DNA.

He showed that,

although exogenous RNA polymerase catalyzed the synthesis
of RNA in the absence of polyamines, the amount of RNA
synthesized in the presence of either spermine or
spermidine was at least twice that obtained in their
absence after 1 hour incubation.
slightly less stimulation.

Putrescine produced

The stimulatory effect of
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the organic cations was specific for native, doablestranded DNA primed reactions.

There was no polyamine

effect when heat-denatured DNA was used as a template
and the polyamines inhibited reactions primed by poly
ribonucleotides.

In his paper, Krakow mentions that the

mode of action of the amines is not clear but might be
related to their binding to RNA.
The observation of Krakow is in agreement with
earlier binding studies done by Felsenfeld and Huang
(I960).

Using homopolyribonucleotides they demonstrated

that there is a strong interaction between single
stranded polynucleotides and di- and polyamines.
Fox and Weiss (I96I4.) confirmed the results of Krakow.
Using another bacterial RNA polymerase, isolated from
Micrococcus lysodelkticu3, they too were able to demon
strate polyamine stimulation of RNA synthesis in an
exogenous enzyme assay with native calf thymus DNA as a
template.

Again, the polyamines had little effect on

denatured DNA templates and were inhibitors of enzyme
activity when ribohomopolymers were used as templates.
Fox and Weiss also showed that the DNA primed synthesis
of RNA can be markedly inhibited by the addition of either
synthetic or natural ribopolymers.

They suggested that

the inhibition is of a competitive nature and that the
RNA might combine with the enzyme at sites along the
enzyme surface where DNA normally binds.
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In a later paper, Pox et al, (196£) examined more
closely the role of RNA inhibition of exogenous RNA
polymerase reactions.

Altering the order of substrate

additions, they showed that RNA inhibits synthesis most
effectively when it is preincubated with the enzyme prior
to DNA and co-factor (Mn+ + ) addition.

Again, this RNA

inhibition can be greatly reversed by the addition of
polyamines to the reaction mixture.
Further evidence for RNA-enzyme interaction was
shown by the same investigators using glycerol gradients.
In the absence of polyamine, a mixture of enzyme and RNA
sedimented as a single band.

The addition of spermidine

to the gradient facilitated the separation of the two com
ponents into two discrete bands.

From their results they

concluded that RNA inhibition is due to RNA-enzyme inter
action and the reversal of inhibition by polyamines is
due to dissociation of the enzyme bound RNA by the organic
cations.

This release makes available free enzyme for

interaction with template DNA,

They further present

evidence that the interaction of enzyme with DNA is not
affected by polyamines and appears irreversible.
Concurrent with the work of Fox and Weiss, Bremer
and Konrad (1961j.) studied the in vitro synthesis of RNA
catalyzed by purified E. coll RNA polymerase.

They

studied the formation of a complex between nascent RNA
and its template DNA and concluded that the plateau
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kinetics i.e., the cessation of RNA synthesis under normal
assay conditions, is accompanied by the formation of an
inactive complex of DNA, enzyme and synthesized RNA.
Pursuing the observation of Bremer and Konrad, Fuchs
et al, (1967) studied the influence of salt concentration
on the kinetics of in vitro RNA synthesis.

They too

observed a cessation of RNA synthesis in low ionic strength
reactions.

This plateau kinetics, however, could be re

versed by raising the ionic strength with the addition of
Mg

+4*

or NH^

4*

even after cessation of synthesis.

They also

observed that 8 mM spermidine in the presence of catalytic
amounts of M g ++ is able to promote RNA synthesis at an
increased reaction rate as well as to release the inhi
bition causing the plateau of low salt reaction mixtures.
The results of Fuchs et al. (1967) confirmed the
conclusions of Bremer and Konrad that the arrested enzyme,
together with the newly synthesized RNA chain, remains
bound to the DNA in an inactive complex.

They proposed

the following model to explain both the release of the
plateau and nonplateau kinetics.

See page llj..

Referring to the model, the authors suggest that the
newly synthesized RNA could replace a region of the noncodogenic strand of the DNA forming a hybrid region with
the codogenic strand.

Since the DNA comes out of the

reaction unchanged, the RNA must at some time be released
from the template.

They propose that this reaction occurs

111.

strand separation site

RNA polymerase

strand exchange site

DNA
_________ RNA

at the strand exchange site and is influenced by the ionic
strength.

The release of nascent RNA from the DNA-RNA

hybrid can be initiated by either a concentration of ions
analogous to the ionic strength within cells under normal
growth conditions or by levels of polyamine approximating
the in vivo concentration.
The following year Abraham (1968) examined the mecha
nism of polyamine-lnduced stimulation of exogenous enzyme
activity in in vitro RNA synthesis.

The author proposed

that the action of RNA polymerase can be separated into
four phases much the same as depicted in the model pro
posed by Fuchs et a l .
1.

The first phase Involves the interaction of the

enzyme with the DNA template, termed the binding
reaction.
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2.

This is followed by the initiation phase

requiring nucleosidetriphosphates.
3.

The third phase, the synthetic phase, involves

the movement of the enzyme along the DNA with a
small segment of the growing end of the nascent RNA
chain attached to the codogenic strand of the DNA.
ij..

The final phase is the liberation of the enzyme

at the end of the operon.
Using this series of events

as aguideline,

the

author presented three possible models to explain the
stimulatory effect of polyamines.
1.

Polyamines, as stabilizing agents for nucleic

acids, could influence the synthetic phase by dis
placing nascent RNA and aid in the reformation of
the DNA double helix.
2.

Binding of polyamine to

the alreadyreleased

portion of the newly synthesized RNA could also
enhance the synthetic phase by aiding in the release
of the DNA-RNA hybrid.
3.

Polyamines could influence the secondary structure

of single stranded regions of DNA and thus insure
correct binding sites for the enzyme.
Within the last two years several investigators have
been concerned with the type of RNA synthesized in the
presence of polyamines.

Petersen et al. (1968), using

doubly labeled ATP ( 8 - ^ C and

were able to show
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that in the presence of spermidine more RNA chains are
initiated.

Using zone centrifugation to separate in

vitro RNA polymerase reaction mixtures treated with
sodium dodecyl sulfate, they also showed that the RNA
synthesized in the presence of spermidine migrated to
the same position as RNA synthesized without spermidine.
An interesting paper, though not involving poly
amines, is that by Qasba and Zillig (1969)*

They studied

the nature of RNA synthesized at low and high ionic
strength using exogenous E. coli RNA polymerase.

Employ

ing competition hybridization experiments they demon
strated that at low ionic strength the enzyme produces
short RNA chains.

At high ionic strength, however, the

enzyme is able to synthesize long strands of RNA; tran
scribing regions of the DNA not transcribed at low ionic
strength.
Concomitant with the work of Qasba and Zillig, Mandel
and Chambon (1969) characterized the RNA synthesized at
high ionic strength by rat liver aggregate RNA polymerase.
Results from DNA-RNA hybridization experiments indicated
that the RNA species which were synthesized in vitro at
high ionic strength were also present in vivo in rat liver
nucleus.

These results suggested that the enzyme at high

ionic strength retains most of the specificity of in vivo
RNA synthesis rather than inducing an artificial de
repression of some segments of the DNA genome as suggested
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by Pogo £t al. (1966).
The recent work of Gumport and Weiss (1969) demon
strates the complexity of the in vitro transcription
using exogenous RNA polymerase.

By varying assay con

ditions including template, salt concentration and poly
amine level, they showed that M. lysodelktlcus RNA
polymerase could transcribe either asymmetric or symmetric
RNA chains.

Under proper in vitro conditions the enzyme

is able to synthesize single stranded complementary RNA
(c-RNA) indicating that specific requirements are neces
sary for initiation and termination of enzyme activity.
Recently, several papers have been published in which
enzyme interaction and initiation have been investigated.
Anthony and co-workers (1969) examined the effect of
various factors affecting the binding of nucleic acid
polymers to RNA polymerase.

The degree of binding was

determined by demonstrating the displacement of one polymer
from the enzyme by a second polymer in a milieu contain
ing ^0 mM Tris buffer (pH 7*5)» 2 mM MnClg and 8 mM MgClg.
The order of displacement

found was: single-stranded

sonicated DNA > (displaces) double-stranded sonicated DNA
> single-stranded D N A > t-RNA> native DNA.

This result,

indicating that t-RNA can displace high molecular weight
double-stranded DNA bound to the enzyme and inhibit the
RNA polymerase reaction, suggests that possibly the same
site on the enzyme binds either DNA or RNA.
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Anthony et al. have also observed that the dissoci
ation of enzyme from native DNA can be caused by excess
nucleosidetriphosphate concentration.

Preferential

binding of purine nucleotides is noted and they speculate
that perhaps the site of binding is that occupied by the

5>' terminal nucleosidetriphosphate and might impart
specificity to the initiation process.
In a second paper, by Krakow <3t al. (1969), tran
sitions in the state of Azotobacter vinelandli RNA
polymerase were demonstrated during the unprimed synthesis
of the r(I-C) copolymer.

Employing acrylamide gel

electrophoresis of assay products, they showed that during
the active phase of copolymer synthesis, as the enzyme
binds the newly formed polyribonucleotide, the
component of the polymerase is displaced.

protein

This inactive

portion of the enzyme reforms an enzyme dimer after dis
placement of the enzyme-copolymer complex.

A similar

conclusion was reached earlier by Smith ejt al. (1967).
They showed that oligodeoxyribonucleotide-RNA polymerase
complexes involve primarily the monomer form of the E.
coll enzyme.
Two separate research teams, each using TI4. phage DNA,
investigated the role of the RNA polymerase sigma (<T)
factor.

Darlix and co-workers (1969) demonstrated that

E. coll RNA polymerase free of the sigma protein binds
to DNA but cannot initiate RNA chain formation.

Addition
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of the sigma protein, which binds only to the enzyme,
promotes chain initiation and RNA synthesis similar to
that noted with undissociated enzyme.
Travers and Burgess (1969) determined that the sigma
factor was involved only in stimulating initiation.

They

further presented evidence that the sigma factor is
released from the DNA-enzyme complex during or soon after
initiation and can be reused by another minimal enzyme
molecule to initiate RNA synthesis on the same DNA or a
second DNA added after the primary initiation.
Not only is the sigma factor able to dissociate from
one enzyme molecule and reassociate with another but,
Richardson (1970) has shown that whole enzyme molecules
in the presence of high salt concentrations can dissociate
from one DNA and reassociate with a second DNA.

Using

competition hybridization techniques on product RNAs of
minimal enzyme assays, Richardson was able to show that
c-RNA had been synthesized from a second template (T£ DNA)
added to the reaction mixture containing 0.2 M KC1 during
the synthesis of RNA from the first template (TI4. DNA).
This phenomenon could not be demonstrated in low salt
reaction mixtures showing plateau kinetics with the first
template.

The author proposes that the high salt is

necessary for the release of nascent RNA from the enzyme
but suggests that polyamines, which stimulate RNA polymer
ase activity, might replace the high salt requirement.
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METHODS
Throughout the course of this project, albino male
Sprague-Dawley rats weighing 100 - 100 grams were used
as a source of liver nuclei, chromatin, and nuclear RNA
and DNA,

Spray-dried Micrococcu 3 lysodelkticus cells

were supplied by Miles Laboratories, Elkhart, Ind. and
used as a source of RNA polymerase.
Radioactive chemicals were purchased from either
Schwarz Bioresearch Inc., Orangeburg, N.J. or from New
England Nuclear Corp., Boston, Mass.

Unlabeled nucleo

tide triphosphates were purchased from Calbiochem, Los
Angeles, Calif.

RNase free DNase was purchased from

Worthington Biochemical Corp., Freehold, N. J.

Schleicher

and Schuell type B -6 cellulose acetate membrane filters
were used for collecting acid precipitates for radio
activity counting and for hybridization experiments using
denatured DNA.

Counting for radioactivity on the filters

was accomplished by placing the dried filters top side up
on the bottom of counting vials containing 10 ml. toluene,
0.14.$ PPO and 0.02$ P0P0P counting fluid.

The vials were

counted in a Nuclear Chicago model 720 liquid scintilla
tion counter.

Carbon-llj. was counted at approximately 70$

efficiency and Tritium near 20$.
Nuclei Purification
Nuclei used in the experiments requiring whole nuclei
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were isolated from rat liver according to the method of
Chauveau et al. (1956) as modified by Pogo e_t al. (1966).
The fresh liver was homogenized in 10 volumes of cold
0.32 M sucrose-3 mM M g C ^ by blending at approximately
5.000 RIM in a Sorvall Omni Mixer for 2 minutes.

After

filtering through Ij. layers of surgical gauze, the suspen
sion was centrifuged at 800 X g for 7 minutes.

The crude

nuclear pellet was weighed and resuspended in 10 volumes
of 2.1}. M sucrose-1 nM M g C l 2 by blending in an Omni Mixer
at approximately 2,000 RAM for 2 minutes.

The sample

was centrifuged in a Beckman model-L ultracentrifuge at
25.000 RFM for 1 hour in a number 1}.0 rotor.

The pellets

from the ultracentrifugation were combined in 10 volumes
of 0.25 M sucrose - I4. mM M g C ^ - 0.6 mM M n C ^ - 0.01 M
Tris buffer (pH 8.3) (TMS), and centrifuged at 1,000 X g
for 5 minutes.

The nuclei were washed three times with

fresh TMS and finally suspended in 10 volumes of TMS for
use.
Nuclei used in later work for the isolation of
chromatin DNA and nuclear RNA were isolated according to
the procedure of Becker (1968).

This method differed

from that of Pogo et al. principally in the ultracentri
fugation step.

The homogenized and filtered nuclei were

suspended in 3 volumes of dense sucrose solution (!}. molal
sucrose - 5 mM KC1 - 2.5 mM MgClg - 0.01 M Tris buffer
pH 7.1}-) by rapid stirring.

This suspension was carefully
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layered on top of 10 ml of the same dense sucrose solution
in 27 ml capacity Oak Ridge style ultracentrifuge tubes.
The nuclei were pelleted through the clean sucrose by
centrifuging at 2l(.,000 RFM for 90 minutes in a number 30
rotor.

The washed nuclei, as judged by phase microscopy,

were clean and of normal size and shape.
Nucleic Acid Purification
Two classes of nuclear RNA, one extracted at pH 8.3
and 380 C and the other at pH 7.6 and 0° C were obtained
using the method of Drews and Brawerman (1967) except for
adjustment of the volume of some of the reagents to allow
for a better product yield.

Clean nuclei were suspended

in an amount of ice cold 0.1 M Tris buffer (pH 7.6) equiva
lent to 2.5 times the wet weight of the liver used.

An

equal volume of water-saturated phenol at 5° C was added
and the suspension stirred in the cold for 1 hour.

The

aqueous phase, obtained by centrifuging at 1,000 X g for
10 minutes, was saved for alcohol precipitation.

The

residue (phenol phase plus interphase) was mixed thorough
ly with an amount of cold water equal to 2 times the wet
weight of liver used and warmed to 38° C.

To the warmed

suspension was added an amount of 1.0 M Tris buffer (pH
8.3) equal to 0.1 volume of the aqueous phase.

The

buffered solution was stirred at the elevated temperature
for 55 minutes, then cooled in ice.

The aqueous phase,

obtained as before, was also saved for alcohol precipitation.
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The salt concentration of each aqueous phase was
adjusted to 1# with sodium chloride and the RNA pre
cipitated with 2.5 volumes of 95# ethanol.

The RNA

samples were purified by repeated alcohol precipitation
(2 times) and finally washed twice with 66# ethanol.
The purified RNA was stored at -20° C as aqueous solution.
The pH 8.3 RNA extracted from normal rat liver nuclei
consists mainly of 18S RNA with small amounts of 9-16S
and 28S and exhibits a DNA-like base composition.

The

pH 7.6 RNA represents almost entirely ribosomal pre
cursor RNA and consists of three components with sedimen
tation coefficients of 28S, 18S and 6S.
Nuclear DNA was also isolated according to the pro
cedure of Drews and Brawerman (1967).

Here too, the

volumes of the reagents used were less than those suggested
by the authors.

Clean nuclei were suspended in an amount

of cold 0.1 M Tris buffer (pH 9.5) containing 0.5# sodium
dodecyl sulfate equal to 2.5 times the wet weight of the
liver used.

An equal volume of water-saturated phenol at

5° C was added and the suspension stirred in the cold for
ij.0 minutes.

After centrifugation the aqueous phase was

removed to a clean container and again extracted with an
equal volume of water-saturated phenol.
reextracted with the above buffer.

The residue was

The aqueous phases

were combined and DNA precipitated as outlined for the
RNA isolation.

The DNA was dissolved in 0.01 M Tris buffer
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(pH 7.5) and further purified by incubating for 30 minutes
at 37° C with heat treated (90° C for 10 minutes) RNase
(25 ^ig/ml).

The enzyme was removed by another phenol ex

traction and the aqueous phase was further deproteinized
by shaking with 3 changes of chloroform-amyl alcohol
(6:1).

The purified DNA was again precipitated from

ethanol, dissolved in 0.01 M Tris buffer (pH 7»5>) and
stored at a concentration of approximately 1 mg/ml at I4.0 C.
Rat liver chromatin was prepared from whole nuclei
according to the method of Marushige and Bonner (1966)
and Bonner et al. (1968).

The procedure was followed

without modification until the ultracentrifugation of the
crude chromatin step.

Following the suggestion of Chambon

et al. (1968) the sedimentation of the crude chromatin
through 1.7 M sucrose-0.01 M Tris buffer (pH 8.0) by
ultracentrifugation was repeated once.

The clear gelat

inous pellets were combined in 0.01 M Tris buffer (pH 8.0)
and dialyzed overnight against the same buffer.
The DNA content was adjusted to approximately 500

jig/ml and the chromatin sheared in a small stainless steel
cup of a Sorvall Omni Mixer.

Shearing was accomplished

by rotating the blade at 16,000RPM for 2 minutes in an ice
water bath.

The sheared chromatin remains in the super

natant after centrifugation at 10,000 X g for 30 minutes.
Sheared chromatin was further purified from free DNA by
centrifugation at 105,000 X g for 1 hour in 0.01 M Tris
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buffer as suggested by Chambon et al. (1968).

The pellet

contains the purified chromatin which is resuspended in
fresh Tris buffer.
Partial hepatectomy was performed on rats under
light anaesthesia.

The median and left lateral lobes,

representing approximately 2/3 of the liver, were ligated
and excised as suggested by Higgins and Anderson (1931)*
The remaining liver was allowed to regenerate for lj.8 hours
while the rats were maintained on food (Purina rat chow)
and water ad libitum.

Nuclei were isolated from I4.8 hour

regenerating liver by one of the above mentioned methods.
The diphenylamine method of Burton (1956) or Mejbaum
(1939) was used for the quantitative determination of DNA.
The orcinol test described by Schneider (1957) was used
for the determination of RNA.

Salmon sperm DNA and yeast

RNA were used as standards for the respective chemical
procedures.

The DNA-P content of nuclei was determined

by turbidimetric estimation of suspended nuclei at lj.90 nm
in a Baush and Lomb spectrophotometer after standardiza
tion using one of the chemical methods for DNA determina
tion.

Absorbance at 260 nm was used for an estimate of

purified DNA, RNA or total nucleic acid where 1 O.D. unit
= 50 jig nucleic acid.
RNA Polymerase Purification
Ribonucleic acid polymerase was extracted and purified
from Micrococcus lysodelkticus using procedure A of
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Nakamoto et al. (I96I4.) with minor modifications.

As

suggested by Straat et; al. (1968), 50 grams of cells
were carried through to Fraction III on each of two con
secutive days.

Solid ammonium sulfate (0.2lj.2 gm/ml) was

added slowly with stirring to each aliquot and the sus
pension stored in ice.

On the third day, the two prepa

rations were pooled prior to the second protamine sulfate
precipitation.
The final purification was accomplished by passing
the soluble protein through two carboxy-methyl-cellulose
(CMC) columns as suggested by Weiss (1968), rather than
diethyl-aminoethyl-cellulose columns used in the original
procedure.

The protein concentration of the soluble

enzyme was determined prior to the CMC treatment by the
approximate formula introduced by Warburg and Christian
(1914-1); 1.51J. X A£gQ - 0.76 X Ag^Q = protein concentration
in mg/ml.

The purified enzyme (Fraction VI) was stored

at a protein concentration of approximately 10 mg/ml in
0.15 M ammonium sulfate - 0.01 M Tris buffer (pH 7.5) in
50% glycerol.

The enzyme was mixed well with the glycerol

and kept at -20° C.
Enzyme Assays
The assay procedure of Pogo et al. (1966, 1967) was
followed whenever whole nuclei were used for endogenous
RNA polymerase activity.

Assay mixtures of 0.5 ml contain'

ed 200 mjimoles ATP, CTP, GTP; 190 mpnoles UTP; 10 mjamoles
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UTP-2-^C

(sp, act, 28 mc/mmole); nuclei adjusted to 25

fig DNA-P and TMS (0,25 M sucrose, Ij. mM MgClg, 0.01 M Tris
pH 8,3) to volume.

The assay mixture was supplemented

with spermidine and cortisone as indicated in the RESULTS,
Assay tubes were incubated at 37° C, the reaction
stopped by the addition of 0,5 nil of 10$ TCA and the nuclei
washed ly. times with a total of 25 volumes of 5$ TCA by
centrifugation.

The final pellet was quantitatively trans

ferred to counting vials with 1,0 ml of NCS reagent
(Nuclear Chicago, DesPlaines, 111,)

and the nuclei

dissolved by incubating in closed vials for 1 hour at
i|.0° C,

Ten ml of modified Bray's counting fluid (70$

toluene, 30$ of 95$ ethanol, 0.^$ PPO and 0.02$ POPOP)
was added to each vial and the radioactivity counted at
approximately 60$ efficiency in a Nuclear Chicago model

720 liquid scintillation counter.
All subsequent RNA polymerase assays involving DNA
or chromatin templates and exogenous bacterial RNA poly
merase were performed using substrate concentrations
suggested by Pox and Weiss (1961j.).

The standard reaction

mixture for observing in vitro RNA synthesis using exogen
ous RNA polymerase contained the following levels of sub
strates for 0,2 ml reaction mixtures: 20 fimoles Tris
buffer (pH 7,5); 80 mfimoles ATP, CTP and GTP; 80 mpmoles
U T P - 2 - ^ C (500 DFM/m/imole); 500 mpmoles MnCl2 ; 25 - 50 fig
DNA and 25 - 50 fig enzyme (sp, act, approx, 150).

Levels
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of spermidine-HCl ranging from 0.2 to 2.1j. jamoles were
used as indicated in the RESULTS.
Assay tubes were incubated at 30° C.for 30 minutes
unless stated differently for a specific experiment.

The

enzyme reaction was terminated by the addition of ij. ml of
10$ TCA and the precipitate collected on cellulose acetate
filters.

The precipitated product was washed free of un

used radioactive nucleotides by repeated washing with a
total of 16 ml of 10$ TCA.

The filters were dried and

the radioactivity determined as mentioned above.
Hybrid-like complexes of DNA and RNA were prepared
using a modification of a procedure outlined by Bekhor
et a l. (1969).

Starting with dissociated chromatin in 2 M

NaCl - 5 M urea, the investigators used gradient salt
dialysis in the presence of the urea to examine the re
constitution of chromosomal proteins to DNA in the
presence and absence of chromosomal RNA.

The procedure

was modified in that purified liver DNA and small
quantities of various RNA samples were combined in 2 M
NaCl - 5 M urea.

The dissociated mixture, following the

procedure of Bekhor et al., was dialyzed successively for
2 hour periods against 1 M, 0.8 M, 0.6 M and O.ij. M NaCl
each containing 5 M urea.

The urea was finally removed

by dialysis against 0.01 M Tris buffer (pH 8.0) for 16
hours.

The complexes formed will subsequently be referred

to as "triple-strand hybrids".

Purification of the
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"hybrids" from free RNA was accomplished by centrifuging
in the above Tris buffer at 105,000 X g for 8 hours.

The

free RNA remained in the supernatant and was discarded;
the pelleted "hybrid" was resuspended in a small volume
(0.5 - 1.0 ml) of Tris buffer.
Analytical Procedures
Electrophoretic mobility patterns of purified in
vitro

synthesized c-RNAs were examined using 7.5$ poly

acrylamide disc gel electrophoresis according to the
procedure of Williams and Reisfeld (196)4.) as modified by
Grossbach and Weinstein (1968).

Thirty five by seven mm

gels of 7 .5$ acrylamide with 10 mm stacking gels of 3$
acrylamide layered on top were allowed to set for 1 hour
prior to being placed in the electrophoresis cell.
Twenty five to fifty p.g samples of purified RNA in sample
buffer (20$ RNase free sucrose, 0.01 M acetate buffer
pH 5.1* 0.1 mM MgClg) were layered on top of the gels.
Separation was accomplished in 2 hours using I4. mA/tube
and a Tris-barbitol electrode buffer (pH 7.0) (0.03 M
diethylbarbituric acid, 0.01 M Tris-HCl).

The gels were

fixed and stained overnight in 1$ methylene blue and 1$
lanthanum acetate dissolved in 15$ acetic acid.
For radioactivity counting the gels were sliced into
1 ram segments.

Each slice was allowed to dry overnight

in an open counting vial after which the slice was dis
solved in 0.1 ml of 30$ hydrogen peroxide by incubating
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at 55° C in a closed vial for 2 - 3

hours.

Ten ml of

modified Bray»s counting fluid was added to each vial
and the radioactivity determined a3 mentioned above.
Melting profiles of purified DNA and the "triple
strand hybrids" were carried out either in 1/100 SSC
(SSC = 0.15 M NaCl, 0.015 M sodium citrate) or in assay
buffer (0.1 M Tris, pH 7.5)•

Samples of DNA or the

"hybrid", each possessing approximately 0.5 0,D*26o
of nucleic acid, were heated in stoppered quartz cuvettes
in a Beckman model DU spectrophotometer.

Temperature in

the cuvette chamber was increased by circulating water
from a Tarason water bath (Neslab Instruments Inc.,
Portsmouth, N. H . ) equipped with an automatic temperature
programmer.

The temperature was increased by 2 degree

increments with a 3 minute dwell time between each rise.
The results are expressed as % hyperchromicity to com
pensate for the difference in initial O.D. of the samples.
Sucrose gradient experiments using synthetic homo
polyribonucleotides were based on procedures used by
Straat (1969).
gradients of

Pour to twenty percent linear sucrose
ml total volume were prepared using RNase

free 3ucrose (Mann Research Laboratories New York, N.Y.)
dissolved in 0.1 M Tris buffer (pH 7.5>) containing 0.25
mM MnClg and 5 ^g/al polyvinyl sulfate (PVS).

Test samples

were prepared in the same buffer and layered on top of the
preformed gradients.

Tubes containing lj.,6 ml were centri
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fuged in an SW-50 rotor in a Beckman model L-2 ultracen
trifuge at 68,000 X g for 17 hours at l|.0 C,
Shorter time (5.5 hours) sucrose gradient sedimen
tations were run on RNA polymerase assay mixtures accord
ing to the procedure of Bremer and Konrad (19614.),

Samples

of 0,3 ml from reaction mixtures were diluted with 0,6 ml
of cold assay buffer (0,1 M Tris, pH 7.5> 2,5 mM MnCl2 ).
Sodium dodecyl sulfate (SDS) treated samples were diluted
with 0,6 ml of 0 ,1$ SDS rather than cold assay buffer and
incubated for 3 minutes at 37° C.

The diluted mixtures

were layered on top of ij. - 20 $ sucrose gradients contain
ing 0,1 M Tris buffer (pH 7«5)» 2,5 mM MnClg and 5 /ig/ml
PVS,

Tubes containing 5.1 ml were centrifuged in an SW-50

rotor at 98,000 X g for 5.5 hours at ij.0 C,
All gradients were fractionated using an Isco model
D density gradient fractionator (Instrumentation Special
ties Co., Lincoln, Neb,),

One fourth ml fractions were

collected at a rate of one half ml per minute.

Carrier

DNA (150 )ig salmon sperm DNA) was added to each tube and
precipitation of the nucleic acids was effected by the
addition of 3.0 ml of 10$ TCA,

The precipitates were

collected on cellulose acetate filters,washed 1+ times with
a total of 16 ml of 10$ TCA and dried.

The radioactivity

was determined as outlined above.
Large volume RNA polymerase assays (generally 2 ml)
were run when it was desired to collect the c-RNA,
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Incubation time was generally increased from 30 minutes
to 60 minutes to insure maximum synthesis.

Enzyme

activity was stopped by placing the samples in ice and
a small aliquot (0.1 ml) was removed for acid precipi
tation and isotope counting.
Two methods for the isolation and purification of
c-RNA were employed.

The first procedure employed the

hot phenol extraction method of Sherrer and Darnell
(1962) coupled with the purification steps suggested by
Bekhor et al.(1969).

An equal volume of water-saturated

phenol at 5° C was added to the cold assay sample.

The

mixture was stirred at 65° C for 5> minutes then cooled
in ice.

Separation of the aqueous and phenol layers was

accomplished by centrifugation in the cold at
for 15 minutes.

1,500 x

g

The aqueous phase was made 5 mM with

MgCl^ and 20 ;ig/ml of RNase free DNase was added.

After

incubation for 30 minutes at room temperature, 20 jig/ml
pronase was added and the mixture again incubated at room
temperature for 30 minutes.

The mixture was again ex

tracted with hot phenol, cooled and the aqueous phase
recovered by centrifugation.
A one tenth volume of 3 N sodium acetate was added
to the aqueous phase and the RNA was precipitated by the
addition of 2 volumes of cold 95% ethanol.

Precipitated

nucleoside triphosphates were removed either by dialysis
overnight against 0.2 N sodium acetate, 0.01 M Tris buffer
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(pH 8.0) containing 5 ^g/ml PVSj or by repeated washing
of the pellet with 65$ ethanol until the number of radio
active disintegrations remained constant (generally 3-4
washings).

The purified RNA was dissolved in 0.01 M Tris

buffer (pH 8.0) and stored at -20° C.

RNA isolated by

this method was used in the disc gel electrophoresis
experiments.
The second isolation and purification procedure used
was suggested by Dr. D. D. Brown (personal communication).
At the end of the assay incubation period a small aliquot
was removed for acid precipitation and isotope counting.
The remainder was made 5 mM with MgClg and 20 ^ig/ml of
RNase free DNase was added.

Incubation at 30° C was con

tinued for 15 minutes after which SDS to 0.5$ was added
and the mixture placed in ice.

The mixture was stirred

in the cold with an equal volume of water-saturated phenol
for If? minutes and then centrifuged at 10,000 X g for 10
minutes in polyethylene tubes.

The aqueous layer was

removed to corex tubes and sodium chloride added to 0 . 4 M.
Two volumes of cold absolute alcohol were added and the
ribonucleic acid was precipitated by storing at -20° C
overnight.

The precipitate was collected by centrifuging

at 5,000 X g for 30 minutes.

The pellet was dissolved in

a small volume (0.5 - 1.0 ml) of 0.01 M Tris buffer (pH
7.5) and any contaminating DNA and protein removed by the
following procedure.

The sample was placed in boiling
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water for 2 minutes then cooled rapidly in ice water.
The cold nucleic acid sample was taken up in a small
syringe and passed through a Millipore Swinny filter
holder equipped with a 13 mm diameter type HA - O.ij.5 p
Millipore filter (Millipore Corp., Bedford, Mass.).

The

filtrate was collected and stored frozen.
Counts per minute of radioactive samples were deter
mined by adding an aliquot to 100 pg of carrier DNA and
precipitating with 10$ TCA.

The precipitate was collect

ed on cellulose acetate filters, washed free of nucleo
tides and the radioactivity determined as mentioned above.
The c-RNA purified by this method was used for DNA-RNA
hybridization employing the technique developed by
Gillespie and Spiegelman (1965).
Denatured DNA, in either 2X or i|X SSC, was immobil
ized on S-S type B-6 membrane filters with a final concen
tration of either 10 or 20 pg per filter.

The dried

filters were incubated in either 2X or lpC SSC containing
in vitro synthesized RNA.

The amount of RNA added was

adjusted so that each experiment contained a fixed number
of radioactive disintegrations of the various RNA samples.
Annealing was carried out at 67° C for 17 hours
after which the vials were chilled in an ice bath.

The

filters were washed by soaking in 3 changes of 2X SSC
then immersed in boiled pancreatic RNase (20 pg/ml) for
one hour at room temperature to remove any RNA not com-

35

pletely complexed.

The filters were again washed, first

by soaking In 2X SSC then by washing each side with $0
ml of 2X SSC by suction filtration.

The dried filters

were counted in a liquid scintillation counter as out
lined above.
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RESULTS
Nuclei and Chromatin Assays
The first section of the results Includes the intro
ductory work done to establish a system suitable to in
vestigate the role of the polyamines in in vitro RNA
synthesis in mammalian systems.

Initial assays were

designed to determine the level of product formation
following the assay conditions suggested by Pogo et al .
(1966) using purified liver nuclei and the endogenous
RNA synthesizing enzyme contained therein.
The results of assays using purified nuclei from
normal and lj.8 hour regenerating liver substantiate the
results observed by Pogo et al. (1966).

As noted in

Table I there is a greater than two fold increase in
endogenous RNA polymerase activity in regenerating nuclei
over normal nuclei.

Normal nuclei supported approximately

90 jijimoles ^ C - U M P incorporation per 25 jig DNA-P in 5
minutes.

Regenerating nuclei supported approximately

200 jijimoles ^ C - C M P incorporation.
The addition of low levels of spermidine (10-^ M
and 10”^ M) to reaction mixtures, however, did not alter
appreciably the endogenous enzyme activity of the nuclei
from either type of liver.

Neither is the incorporation

of labeled nucleotide stimulated by the further addition
of 25 Jig of cortisone to reaction mixtures containing

TABLE

I

Endogenous RNA polymerase activity of normal and
regenerating (1^8 hours) liver nuclei.
Reaction system

exper,
no.

0 SD

10”%

SD

jijimoles
Normal liver nuclei

Regen. liver nuclei

10

SD

10”%

25

UMP inc.

62

78

80

79

97

2

86

92

95

70

83

3

97

99

106

89

107

Aver.

82

90

79

96

1

136

195

206

132

158

2

232

21*6

261

189

20lj.

3

199

2I4.O

214.7

219

209

Aver.

189

227

238

180

190

C = cortisone

91*.

SD

Jig C

1

Assay conditions as described under METHODS
SD = spermidine;

1 0 " % SD
25 jig c
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spermidine*
Because of the lack of response of the nuclei to
added spermidine and the low level of labeled ribonucleo
tide incorporation, it was necessary to use a more de
fined system.

Chromatin was isolated from the purified

nuclei and was used as a template in in vitro assays to
which RNA polymerase isolated from M. lysodeiktlcus was
added.
The results of two sets of assays examining exogenous
RNA polymerase activity using normal and lj.8 hour regener
ating rat liver chromatin and normal and regenerating DNA
isolated from the respective chromatin are recorded in
Table II.

As noted from the table, only approximately

1 mpiole ^ C - U M P is incorporated during 20 minutes incu
bation when either normal or regenerating chromatin is
used as a template.
Addition of spermidine to reaction mixtures in con
centrations ranging from 2 to 12 mM caused no increase in
enzyme activity.

In fact, as illustrated in figure 2,

the addition of spermidine to assays using chromatin from
regenerating liver caused a significant decrease in
product formation.
The results using chromatin are contrasted by higher
levels of enzyme activity and further enhancement of
nucleotide incorporation with DNA purified from chromatin
as template.

As observed from Table II and figure 2,

TABLE

II

Exogenous RNA polymerase activity of normal and
regenerating (1*8 hours) liver chromatin and chromatin DNA.
Template

Exper.
no.

Spermidine concentration (mM)
0

2

_k_

8

12

mpmoles Jjjc UMP inc.
Normal liver chromatin

Regen. liver chromatin

Normal chromatin DNA

Regen. chromatin DNA

1

0 .9 0

0 .9 2

l.Oi*

1 .0 8

1 .0 3

2

1 .0 2

0 .8 9

0 .8 8

0 .8 6

1.08

1

1 .2 2

1 .1 1

0 .7 7

l.Ol*

0 .8 0

2

1 .3 3

1 .0 0

0 .9 3

0.81*

0 .7 0

1

2 .7

I4-.O

6 .7

7 .9

9 .3

2

l* .o

5 .0

6 .5

8 .5

9 .2
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Exogenous RNA polymerase activity with
normal and regenerating (1*8 hours) liver
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spermidine caused a 2 to 3 fold increase in enzyme ac
tivity when normal DNA was used as a template and a 1.5
fold increase when regenerating DNA was used.
Although there is no evidence of a polyaraine effect
on enzyme activity using chromatin at 20 minutes incu
bation, a significant increase in enzyme activity in the
presence of J4. mM spermidine is noted after longer incu
bation periods.

Large volume assays were prepared and

aliquots were removed for radioactive counting at various
times up to 2 hours incubation.

The results, recorded in

Table III, show that exogenous RNA polymerase activity is
increased approximately 30$ after 30 minutes incubation.
This increased activity is maintained through at least
120 minutes at which time lj. mM spermidine has stimulated
nucleotide incorporation by approximately lj.0$.

Similar

stimulation was observed with the addition of 6 mM and

8 mM spermidine.

Lower levels of polyamine were ineffec

tive and higher levels caused precipitation of the tem
plate DNA.
The low level of enzyme activity observed using
chromatin as a template, although stimulated by spermidine,
cannot be increased by the addition of polyamine to a
level approaching that of native DNA.

This reduced RNA

polymerase activity of chromatin is likely due to the
basic nuclear proteins associated with the DNA.

Subse

quent work reported in this paper involves the effect of

TABLE

III

Exogenous RNA polymerase activity with normal liver chromatin templates,
The effect of spermidine over prolonged Incubation periods.

Spermidine
concentration

Incubation time (min.)
5

10

20

15
nywioles

30

60

120

UMP inc.

0

0.1

0.1

0.96

1.08

1.1k

1.60

1.92

If mM

0.33

0.56

l.Olf

1.17

1.50

2.03

2.70

27

ifl

% Stimulation
0

0

8

8

Assay conditions as described under METHODS.
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spermidine on purified rat liver DNA isolate either
directly from nuclei or from chromatin by procedures
outlined under METHODS.
Kinetics Studies
Three sets of experiments were performed to observe
the kinetics of assays with respect to enzyme concentra
tion, incubation time and polyamine concentration using
exogenous RNA polymerase and rat liver DNA as template.
To determine the effect of various enzyme concentra
tions bn in vitro polyribonucleotide synthesis, assays
were run using two levels of template DNA and either 0 or
mM spermidine.

The amount of radioactive nucleotide

incorporated into product RNA was determined and the re
sults are recorded in Table IV and graphically portrayed
in figure 3«

The reaction mixture was saturated with

respect to template and optimal enzyme activity was noted
using 25 )ig DNA/O.2 ml total volume.

The higher level of

DNA used (I4.O fig) caused a slight reduction in product
formation.
As expected from previous results, assays containing
spermidine showed an approximately two fold increase in
enzyme activity.

The degree of increased product for

mation due to polyamine stimulation was the same irre
spective of template concentration used.

In all assays,

however, the reaction kinetics are linear and the enzyme
concentration is the rate limiting factor over an enzyme

TABLE

IV

Exogenous RNA polymerase activity with normal rat liver DNA templates
I.

Effect of enzyme concentration.

Template

Enzyme protein concentration (ug)
6

12

25

mjimoles

0 spermidine

1* mM spermidine

50

75

TJMP inc.

25 Jig DNA

0.72

0.92

3.35

14-91

7.19

1*0 Jig DNA

0.35

l.Ol*

1.90

3.56

6.32

25 Jig DNA

1.1*0

2.57

1*.23

9.35

12.17

1*0 Jig DNA

0.68

2.63

i*.00

8.72

11.19

Assay conditions as described under METHODS

FIGURE
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Exogenous RNA polymerase activity
with normal rat liver DNA templates.
I.

Effect of enzyme concentration.

Legend:
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concentration range of from 6 to 75 /ig protein per
reaction tube.
To study the effect of time on enzyme activity,
large volume assays were set up.

Small aliquots were

removed at various times and assayed for radioactive
ribonucleic acid.

DNA at a concentration of 25 ^ig/0.2

ml was used as template and the effect of time was
studied using two concentrations of enzyme (25 and 50 fig
protein) without added spermidine or in the presence of
I4. mM spermidine.
The results, tabulated in Table V and graphed in
figure lj. indicate that, in the absence of spermidine,
enzyme activity decreased after 20 minutes incubation
and a plateau was reached between 60 and 90 minutes.

In

the presence of ij. mM spermidine, enzyme activity decreased
slightly after 60 minutes incubation but a plateau was
not established even after 120 minutes incubation.

The

fact that enzyme concentration is a factor in the rate
of product formation was again observed.

As noted in

figure If. as well as in the previous experiment, RNA
synthesis was directly proportional to enzyme concentra
tion both in the presence and absence of polyamine.
To determine the concentration of spermidine that
causes maximum stimulation of enzyme activity, several
assays were run using various concentrations of the poly
amine.

All assays were run using saturated levels of

TABLE

V

Exogenous RNA polymerase activity with normal rat liver DNA templates.
II.

Effect of time.
Incubation time (min.)

Reaction system

0

10

20

30

mjzmolesI

1*5

60

90

120

k.k

1*.8

1*.9

UMP inc •

enz.

0.2

1.5

3.0

3.5

enz.

0.2

2.8

l*.l*

5.3

-

6.6

7.1*

7.6

enz,

0.2

3.0

1*.5

5.9

7.9

9.3

10 .1*

11.0

enz.

0.2

5.8

7.8

9.1*

-

12.0

12.6

13.5

1*.0

0 spermidine

1* mM spermidine

Assay conditions as described under METHODS.
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Exogenous RNA polymerase activity
with normal rat liver DNA templates
II.

Effect of time.
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template DNA and approximately 25 jig enzyme protein/0.2
ml.

As noted in figure 5 there is a maximum increase in

c-RNA synthesis of approximately 70% with the addition of
ij. WM spermidine to the reaction mixture.

Concentrations

of 2, 8 and 12 mM spermidine caused from 25 to $0% increase
in enzyme activity.
The above experiments showed that indeed spermidine
does influence c-RNA synthesis with purified native
mammalian DNA as template and exogenous RNA polymerase.
The mechanism of spermidine action and the character
ization of the product formed in the absence and presence
of polyamine are two, as yet, unanswered questions.
“Hybrid” Assays
The model proposed by Fuchs et al. (1967) and also
by Abraham (1968) for a possible role of spermidine in
releasing or preventing RNA polymerase inhibition pro
vided a stimulus to study the possible release of product
RNA from the double stranded DNA - enzyme complex.

The

procedure of Bekhor ejfc al. (1969) for the separation and
reformation of chromatin by salt gradient dialysis in the
presence of 5 M urea was modified as outlined under METHODS
to prepare some "triple-strand hybrids" using purified DNA
and various RNA samples.

The results of conventional

assays using the "hybrids" as templates are recorded in
Table VI and diagrammed in figure 6 .

53

FIGURE

5

Exogenous RNA polymerase activity
with normal rat liver DNA templates.
III.

Effect of spermidine concentration.

Legend:
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TABLE

VI

Exogenous RNA polymerase activity with "triple strand hybrid" templates.
I.

Effect of spermidine concentration on different "hybrids".

Template
0

2

If

8

12

Maximum
Incret
over (

mpmoles life UMP inc.
pH 8.3 RNA - DNA

3.7 (13)

lf.5 (If)

5.5 (10)

6.6 (9)

6.0 (3)

78#

pH 7.6 RNA - DNA

if.lf (5)

lf.6 (2)

6.2 (if)

6.9 (3)

6.1 (2)

57#

E_. coli sRNA - DNA

if.8 (2)

5.3 (2)

6.5 (2)

6.1 (2)

6.7 (2)

35#

6.6 (13)

8.1 (if)

9.3 (10)

8.8 (9)

8.7 (3)

ifl#

DNA

Assay conditions as described under METHODS.
( )

number of assays.

FIGURE
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Exogenous RNA polymerase activity
with "triple strand hybrid" templates,
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Effect of spermidine concentration
on different
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The DNA used for comparison was carried through the
separation and reformation procedure along with the DNARNA complexes.

The stimulatory effect of polyamine on

this DNA is not as strong as noted on previous assays
using native DNA, causing only approximately I4.0% stimu
lation of enzyme activity.
Prom the results it is observed that the DNA-like
pH 8.3 RNA caused the greatest inhibition of enzyme
activity in the absence of spermidine and that spermidine
exhibited its greatest effect of releasing the inhibition
on this same hybrid (78$ increase in enzyme activity).
The inhibition caused by the pre-ribosomal type RNA (pH
7.6) is less than that of the pH 8.3 RNA-DNA "hybrid" and
the stimulatory effect of spermidine has decreased to

57%,

The non-liver RNA's (yeast RNA and E, coli s-RNA)

produced only moderate inhibition of enzyme activity.
Similarly, the spermidine effect on assays using these
"hybrids" as templates was moderate, being of the same
order as with assays in which DNA was used as template

(35 and l\l% stimulation respectively).
It is also noted from the graph that maximum stimu
lation of enzyme activity using liver RNA - DNA "hybrids"
required 8 mM spermidine rather than lj. mM which is the
optimal level observed with purified DNA templates.
The results of the previous experiments suggested
that a triple strand was formed between a complementary
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RNA and DNA.

It is possible, however, that the DNA-like

RNA prevented to a greater extent the formation of a
native, doable helical DNA during the gradient dialysis.
Such a denatured DNA would be a less active template for
in vitro RNA synthesis and the addition of spermidine to
the reaction mixture might aid in reforming the helix
thus releasing the observed inhibition.
Melting Profiles
To investigate this question, melting profiles were
done on pH 8.3 RNA - DNA "hybrids" and on similarly
treated DNA.

Melting curves of samples in 1/100 SSC,

shown in figure 7» indicate that a good DNA double helix
is formed with the "hybrid" producing only slightly less
of a maximum increase in absorbance at 260 nm than the
DNA sample.

The DNA produced the typical sharp helical

to random coil "melt" with a maximum of 35$ hyperchromicity and a Tm of 68° C.

The "hybrid" also showed a

sharp "melt" having a maximum hyperchromicity of 30$ and
the same Tm of 68° C.
Besides the expected double helical to random coil
"melt", however, the "hybrid" also exhibited a 3 to ij.$
hyperchromic shift with a Tm of $0° C.

This melt was

interpreted as being the release of the third strand
formed with the RNA during salt gradient dialysis.
low temperature "melt" was observed with the DNA.

No
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FIGURE

7

Melting profiles of DNA and pH 8.3 RNA - DNA
"hybrids" at 260 nra.

Samples in 1/100 SSC.
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Tabor, as early as 1962, demonstrated that polyamine
exhibited a stabilizing effect on DNA which protected
native DNA against heat denaturation.
shown in figure 8 ,

This effect is

It is observed that the addition of

1,5 mM spermidine increased the Tm of native DNA in 0.1
M Tris buffer (pH 7,5) from 90 to 97° C,
It was of interest to observe the effect of spermidine
on the "triple strand hybrids".

Melting profiles were

again performed in 0,1 M Tris as this was the ionic
strength used in enzyme assays.

The Tm of the double

helix was, as expected, increased similar to that of
native DNA.

Ihe early "melt", indicative of triple strand

separation, contrary to expectations however, was also
stabilized by the presence of 1,5 mM spermidine.

As noted

in figure 8 , the degree of hyperchromicity of the low
temperature melt is not altered by the presence of spermi
dine, but the Tm is increased from 55 to 67° C,
The unexpected results observed from the melting
profile experiments using "triple strand hybrids" in
which the RNA remained bound to the DNA In the presence
of the polyamine demanded further investigation.

In the

following experiments, the sedimentation properties of
assay reaction mixtures in sucrose gradients were examined.
Sucrose Density Gradients
Enzyme assays were run in the absence of spermidine
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FIGURE
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Melting profiles of DNA and pH 8.3 RNA - DNA "hybrids 11
at 260 run.

Samples in 0.1 M Tris buffer (pH 7.5)•

Effect of spermidine.
Legend:

---------

DNA

O

DNA + 1.5 mM spermidine

O

---------

"hybrid"

-A - - - A-

"hybrid" + 1.5 mM spermidine

FIGURE

% Hyperchromicity

25

8

- -

20

10

- -

5--

80
Degrees G.

90

100

65

and with the addition of either !+, 6 or 8 mM spermidine.
Whenever spermidine was present in the reaction mixture
the same concentration was added to the diluting buffer
and to the sucrose gradient.

After 30 minutes incu

bation, the reaction mixtures were diluted with assay
buffer as mentioned under METHODS and layered on lj. - 20%
linear sucrose gradients.

Following centrifugation for

5.5 hours, the gradients were fractionated and the radio
activity determined for each aliquot.

The DFM's observed

in each fraction are representative only of product RNA
as free nucleotides are not precipitated by TCA and are
washed through the membrane filters.
The results of sucrose gradient sedimentation patterns
of whole reaction mixtures without and with ij., 6 or 8 mM
spermidine are summarized in figure 9.

The DNA-RNA-enzyme

complex formed in the absence of spermidine exhibited a
broad band with a single peak located about midway down
the gradient.

This type of pattern is in agreement with

results reported by other investigators (Bremer, 1961^.),
As noted from the graph, samples containing various levels
of spermidine also exhibited a diffuse broad band.

The

complex, however, was moved further down the gradient
with a broad peak approximately 3A- of the distance down
the tube.

There was no evidence of free product RNA

either in the absence of spermidine or with the addition
of 2 - 8 mM spermidine.
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FIGURE

9

Sucrose Density Gradients
I.

RNA polymerase reaction mixture in assay buffer.
Legend:
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To ascertain if the reaction mixture after incubation
contained product RNA of molecular weight such that it
could be differentiated from the reaction mixture, samples
were treated with sodium dodecyl sulfate prior to sucrose
density gradient separation.

After £.5> hours centrifu

gation, the samples were fractionated and the radioactivity
determined in each fraction.

As observed in figure 10,

the radioactivity is concentrated near the top of the
gradient and there is no peak of radioactivity in the :
lower half of the tube indicating that the product RNA
is separated from the DNA-RNA-enzyme complex observed in
the previous experiment.

Further explanation relative

to the type of RNA products synthesized in the presence
and absence of spermidine is reserved for later in this
section.
Exogenous RNA Assays
Perhaps the ability of the polyamines to prevent or
reverse inhibition in in vitro RNA synthesis is more
directly related to preventing or reversing RNA-enzyme
complexes.

Involvement at this level has been proposed

by other authors (Krakow, 1963; Fox and Weiss, 196I4.; Fox
et al,, 1965>).

If inhibition of RNA synthesis involves

the interaction of product RNA with enzyme it is possible
that not only product RNA but other RNA species can com
plex with the enzyme and cause reduced activity.
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FIGURE

10

Sucrose Density Gradients
II.

RNA polymerase reaction mixtures after
sodium dodecyl sulfate treatment.
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To investigate this hypothesis, conventional RNA
polymerase assays were run except that low levels of
several different RNAs, along with the enzyme, were added
to the reaction mixture prior to addition of the template
DNA.

Concentrations of 5 and 15 pg of pH 8,3 RNA, syn

thetic Poly U, E. coll 16S ribosomal RNA and E. coll
t-RNA were added to separate reaction tubes.
The results of duplicate assays, shown in Table VII,
indicated that in the absence of polyamine exogenous RNA
of various origins caused significant inhibition of in
vitro RNA synthesis.

The native RNAs prevented in vitro

synthesis to the greatest extent while the synthetic
homopolymer caused only moderate inhibition.

In all

assays, however, 15 pg of exogenous RNA was more potent
as an inhibitor than 5 pg.

The reversal or prevention of

inhibition by ij. mM spermidine was significant for each
RNA tested and at both concentrations except for 15 pg
of Poly U where there was only a slight increase in
enzyme activity with added spermidine.

The fact that

spermidine can reverse this inhibition to levels ap
proaching those of the control suggested that the RNAs
have a greater affinity for the polyamine thus freeing
the enzyme for its interaction with the DNA template.
This hypothesis was investigated by examining the
sedimentation properties of
in sucrose gradients.

labeled synthetic Poly U

After centrifugation for 17

TABLE

VII

Exogenous RNA polymerase activity with, normal rat liver DNA templates.
IV.

Effect of exogenous RNA added to the reaction mixture
in the presence and absence of spermidine.

Spermidine
mM)

RNA added to assay
none

pH 8 .3 RNA
5jig

l5pg

Poly U
5jig

I5pg

16S RNA
5)ig

t-•RNA

i5pg

5)ig

l5;i{

mpmoles lJ+C UMP inc.
3.8

2.2

1.5

3.8

2.9

3.6

1.1+

2.9

2.7

l+.o

3.1

2.3

3.5

2.9

2.6

1.9

3.1

2.2

Average

3.9

2.7

1.9

3.6

2.9

3.2

1.7

3.0

2.5

1+

9.2

7.6

7.2

5.9

3.1+

6.9

7.0

6.9

7.0

8.6

7.3

6.7

6.If.

1+.2

7.9

7.6

7.5

7.1

8.9

7.5

7.0

6.2

3.8

7.1+

7.3

7.2

7.0

0

Average

All substrates except DNA were mixed together and left in ice
for 5 minutes.

The reaction was timed for 30 minutes after the

addition of template DNA and temperature equilibration at 30° C.
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hours, the gradients were fractionated and the radio
activity determined in each aliquot.
The results are plotted In figure 11.

The radio

activity of the control tube containing 2 jig poly U plus
1 X 10”^ M spermidine was concentrated near the top of
the gradient with a single peak In tube l£.

The mixture

of 2 fig Poly U plus 60 jig RNA polymerase also migrated
through the sucrose gradient as a single band.

It, how

ever, moved further down the tube with a sharp peak noted
in tube 9.

This indicated that there was sufficient

enzyme to bind all of the labeled homopolymer and that
such binding was resistant to ultracentrifugation.
That RNA-enzyme binding could be released or pre
vented by polyamine was observed in the third tube.
Sucrose density gradient fractionation of a Poly U enzyme mixture containing 1 X 10-^ M spermidine pro
duced a migration pattern with 2 significant peaks; a
large peak near the top In tube li| and a smaller one
near the middle of the gradient In tube 8, corresponding
to free homopolymer and Poly U - enzyme complex respective
ly.

Approximately 60$ of the Poly TJ was recovered as free

homopolymer with the level of polyamine used.

The rest

remained bound to the enzyme and was observed either as
a soluble RNA-enzyme complex located near the middle of
the gradient or as a polyamine induced aggregate at the
bottom of the tube.

7k

FIGURE
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Sucrose Density Gradients
III,
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The results of the sucrose gradient experiments
indicated that an RNA-enzyme complex, formed during in
vitro RNA synthesis, assumed to be similar to that formed
in these experiments, can be disrupted by polyamines.
The significance of the ability of polyamines to overcome
RNA-enzyme interaction and hence release Inhibition may
be two fold.
of RNA,

Assuredly, it allows for greater synthesis

It may also, however, influence the type of

product transcribed.
Disc Gel Electrophoresis
Separation of purified product RNA by disc gel
electrophoresis was one method used to examine the
effect of spermidine on the type of RNA synthesized in
vitro.

Samples of RNA synthesized in the presence of

ij. mM spermidine or without polyamine in the reaction
mixture were layered on top of 7*5% polyacrylamide gels,
each containing approximately the same number of DFMs.
After electrophoresis, the gels were sliced and the radio
activity determined in each 1 rum thick disc.
activity represented only purified c-RNA,

The radio

The electro

phoretic patterns of RNA samples made on four different
dates using enzyme and DNA prepared at three different
times are summarized in figure 12,
Most of the product RNA synthesized in the absence
of spermidine did not migrate in the 7*5% acrylamide gel
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FIGURE

12

Disc Gel Electrophoresis
In vitro synthesized RNA on 7*£$ acrylamide gels.
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and was observed as a broad band in slices 1 and 2.

This

RNA had an S value greater than 12 which is considered
the upper limit for separation in the gels used.

There

was, in addition to the high molecular weight RNA, a
small amount of RNA located about one half of the waythrough the gel.
The product RNA synthesized in the presence of

mM

spermidine produced a different electrophoretic pattern.
Only a small fraction was located at the top of the gel.
Instead, the majority of the radioactivity was located
about one half of the way through the gel corresponding
to the small amount of low molecular weight RNA syn
thesized in the absence of spermidine.

In addition, two

smaller bands were observed which migrated ahead of the
major product.
As mentioned earlier in this section, complete
enzyme reaction mixtures were treated with sodium
dodecyl sulfate and fractionated after ultracentrifu
gation through linear sucrose gradients.

As noted in

figure 10, in the absence of spermidine, the RNA banded
in two major peaks, one near the top of the gradient in
tube 15, the other about midway in tube 11.

RNA samples

synthesized in the presence of ij. mM spermidine exhibited
a different pattern.

There was only one major peak

located near the top of the gradient and collected in
tube 16.

It appeared that the RNA synthesized in the
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presence of spermidine was a small homogeneous molecule
and that the RNA synthesized in the absence of spermidine
consisted of two sizes (or shapes) possessing different
centrifugation properties.

Part of the RNA was of low

molecular weight corresponding to the RNA synthesized in
the presence of low levels of polyamine.

The other

portion was of higher molecular weight and could possibly
be a dimer.
DNA-RNA Hybridization
Other investigators (Peterson et al., 1968;
Richardson, 1970), employing double labeling techniques,
have demonstrated that initiation of RNA chains is in
creased proportionately to the increase in quantity of
RNA synthesized in the presence of polyamine or high salt.
These results suggest, but do not prove, that the enzyme
is released from the template thus is free to initiate
synthesis at the same or at a different locus.
Further results by Richardson, however, demonstrate
that, in the presence of high salt, enzyme is able to
direct RNA synthesis first from one DNA then another.

It

can only be assumed that the enzyme must come free of the
first DNA prior to initiating RNA synthesis using the
second DNA.
It was of interest to investigate the effect of poly
amine on the hybridization properties of in vltro synthe
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sized RNA.

Purified RNA samples, synthesized either in

the presence or absence of polyamine (1+ mM spermidine)
were hybridized to filter bound denatured rat liver DNA
using the Gillespie - Splegelman technique (196£).

The

RNAs were purified as suggested by Richardson (1970) and
aliquots were diluted with 2X SSC so that each vial con
tained approximately the same number of CIMs,

Schleicher

and Schuell type B -6 membrane filters each containing 10
jig of denatured DNA were added to the vials and the
samples were incubated for 17 hours at 65° 0»

The results

of these DNA-RNA hybridization experiments are noted in
Table VIII.

The RNA synthesized in the absence of sperm

idine hybridized to 2.1$ while spermidine induced RNA
hybridized to only 1 .2$ or approximately one half.
To determine if spermidine could induce the release
of enzyme from one DNA and be free to bind to a second
DNA, a double hybridization experiment similar to that
used by Richardson (1970) was performed.

After an

initial assay to ascertain that E. coli DNA would support
RNA synthesis using M. lysodelktlcus RNA polymerase, large
volume assays were run so that RNA could be synthesized
and isolated using the following templates:

rat liver

DNA, J+0 minutes incubation; E. coll-DNA, 1|0 minutes incu
bation; and liver DNA, 20 minutes incubation followed by
E. coll DNA, 20 minutes incubation.

Each template was

used either in the absence of or with I4. mM spermidine.
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TABLE

VIII

DNA - RNA Hybridization
I.

Denatured rat liver DNA and RNA synthesized
in vitro from liver DNA templates.

Enzyme

assays were run either in the absence of or
with the addition of Ij. mM spermidine.

Sample

Spermidine

% Hybridization

RNA-1

0

2.0

RNA-2

0

2.2

Average

2.1

RNA-1

knM

1.3

RNA-2

Ij.raM

1.0

Average

1.2

RNA-1 and RNA-2 were synthesized on different dates.
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The product RNAs were purified by the procedure suggested
by D. D. Brown.
Hybridization filters were prepared by drying 20 jig
samples of denatured rat liver DNA and E. coll DNA, each
in ij.X SSC, on separate filters.

These filters were incu

bated in lj.X SSC under hybridization conditions with
aliquots of the various purified RNA samples.

Each vial

contained approximately the same number of CFMs. of radio
active RNA, a liver DNA, an E. coli DNA, and a blank
filter.

The hybridization results are recorded in Table

IX.
As noted from the table, RNA made using liver DNA
as a template without and with spermidine hybridized to
2,lj. and 2.3$ respectively.

RNA synthesized from E_. coll

DNA without and with spermidine hybridized with the E.
coll DNA to 18.2 and 18.1$ respectively.

In neither case

was there any appreciable cross hybridization indicating
that the DNAs from the two origins are sufficiently dif
ferent to be useful.

RNA synthesized in the absence of

spermidine from liver DNA for 20 minutes prior to the
addition of E. coll DNA hybridized with the liver DNA to
the same value of 2.^$.
E. coll DNA.

There was no annealing to the

The addition of spermidine to the reaction

mixture did not cause any appreciable change in the results
as that RNA hybridized to 2.3 and only 0.3$ with the liver
DNA and E. coll DNA respectively.

TABLE

IX

DNA - RNA Hybridization
II.

RNA synthesized in vitro either from rat liver
DNA or E. coli DNA with and without spermidine.
RNA samples were hybridized with denatured
samples of both DNAs.

Vial

Source of RNA
Template

% Hybridization

Spermidine

Liver DNA
filter

E. coli DNA
filter

0

2.k

0

2.3

0

1

liver DNA

2

liver DNA

3

E. coli DNA

0

0.7

18.2

h

E. coli DNA

1* mM

0.7

18.1

5

liver DNA
E. coli DNA

0

2.1*

0

6

liver DNA
E. coli DNA

1+ mM

2.3

0.3

Ij. nil
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It should be noted thst in Table IX the % hybrid
ization recorded is the same for RNA synthesized either
with or without spermidine.

This apparent discrepency

with the results recorded in Table VIII is probably due
to the fact that twice the amount of denatured DNA was
used in the experiments recorded in Table IX.

The RNA,

as determined by the number of C M s , was constant.
Increased template concentration would allow more RNA
molecules to hybridize until with excess DNA the RNAs
should hybridize to approximately the same extent.
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DISCUSSION
Prior to the beginning of this investigation,
spermidine levels were determined in normal and re
generating rat liver tissue.

Rozene (1967), working

in this laboratory, injected tritium labeled spermidine
into normal and partially hepatectomized rats.

Prom

autoradiographic analysis of ultrathin sections of epon
embedded tissue, he observed that the ratio of nuclear
to cytoplasmic spermidine concentration was increased
from about 1:1 for normal liver to about 2.5:1 for
lj.8 hour regenerating liver.
Also, concurrent with the onset of my project,
several other investigators were interested in studying
the effect of other compounds (salts and hormones) on
the increased template activity of regenerating liver
nuclei (Pogo et al., 1966, 1967; MacGregor and Mahler,
1967; Widnell and Tata, 1966; Beato e_t al., 1968).
Using the observation of Rozene as an impetus, it was
thought important to investigate the possible role of the
increased nuclear polyamine concentration on transcription.
Pogo et_ al. (1966) observed that normal liver nuclei
respond to high salt concentrations (ammonium sulfate,
0.5 M final concentration) by showing a 3-l± fold increase
in template activity.

There is, on the other hand, only

a 2 fold stimulation of RNA synthesis when the same salt
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concentration is added to the already activated chromatin
of the regenerating liver nucleus.
results,

As mentioned in the

(Table I) low concentrations of spermidine

(1 mM) added to similar in vitro assays did not alter the
rate of product formation of either normal or regenerating
nuclei.

It is most likely that all of the added

spermidine is bound to the nuclear membrane.
MacGregor and Mahler (1967) presented evidence that
spermidine or other amines are required for the preserva
tion of nuclear morphology when the nuclei are incubated
at 37°C.

Such a requirement was not noted by either

Pogo et al. or me; although they did observe that, at
high ionic strength, nuclear structure is disrupted
yielding a deoxyribonucleoprotein gel.

Lysis of the

nuclei was not observed at the ionic strength used for
assays in this laboratory.
Spermidine added in substantially greater con
centrations (2-12 mM) to purified nuclear chromatin
did not stimulate in vitro RNA synthesis after 20 minutes
incubation.

The template activity of chromatin is

"repressed" by t he presence of the basic proteins
(histones) ionically bound to the DNA; and, although
the data compiled in Table II does not directly prove
it, it appears that spermidine, even at high con
centrations, is unable to remove the histones.
Stimulation of in vitro

RNA synthesis was best
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observed when purified DNA was U3ed as a template.
Spermidine, when added to reaction mixtures, can
produce a 2-3 fold increase in c-RNA synthesis.

The

mechanism of polyamlne action has been the basis of
this investigation with the hope of providing supportive
evidence for one of the two major hypotheses outlined
in the literature review.

As mentioned previously,

Fuchs et al., (1967) and Abraham (1968) promote the
idea that spermidine interaction directly involves the
DNA template,

Krakow (1963) as well as Fox and Weiss

(I96I4.) propose the idea that spermidine stimulates RNA
polymerase activity primarily by binding to product and
free RNA thus preventing RNA-enzyme interaction.
The three sets of experiments performed to observe
the kinetics of in vitro RNA polymerase assays are similar
to other studies reported in the literature (Krakow,
1963; Fuchs et al., 1967).

It is of interest to note

that although the reaction kinetics shown in figure 3
were linear over a wide enzyme concentration range that,
contrary to expectations, the higher level of template
was less active.

This reduced activity cannot be at

tributed to template precipitation by spermidine as the
same low level of activity is observed in assays run
without added spermidine.

It is possible that the

catalytic amount of M n ++ used was insufficient to
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support optimal synthesis with the higher level of
template.

Fuchs et al. (1967) reported using 8 mM

M n ++ compared with the 2.!? mM M n ++used in the assays
reported here.
It has been demonstrated previously (Krakow, 1963?
Fox and Weiss, 1961}.? Fuchs et al., 1967) that polyamines,
in the presence of small amounts of inorganic divalent
cations (Mg++j M n ++, Co+ + ), effect a large stimulation of
RNA polymerase activity.
in figure If.*

Similar results are observed

The spermidine not only increased the

reaction rate but also changed the reaction from a
plateau to a non-plateau type reaction even after 2 hours
incubation.
Repressed transcription activity of chromatin is
caused by the histones and, as mentioned previously,
this inhibition is not readily reversed by spermidine.
Beckhor et al. (1969) and Huang and Huang (1969)
observed that dissociated chromatin could be reformed
and that true reorganization required the initial f o r 
mation of a DNA-chromosomal RNA complex.

This complex

then directed the formation of the correct deoxyribonucleoprotein.
It was of interest to prepare some similar DNARNA "hybrids" and observe the effect of spermidine on
assays using the "hybrids" as templates.

Figure 6

illustrates that "hybrids" made with if different RNAs
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exhibited less template activity than naked native DNA.
The "hybrid" made using RNA having a base composition
most like DNA (pH8.3 RNA) was the least active template.
Unlike chromatin, however, the addition of spermidine
caused a significant increase in RNA synthesis.
The possibility that DNA was not reformed to its
native double helix during the gradient salt dialysis
was dismissed for three reasons.

First, the control

DNA was treated exactly as the "hybrids" during dis
sociation, reformation and purification.

Second,

melting profiles, as shown in figure 7, indicated that
the double helix was indeed present.

Third, single

stranded DNA does not support in vitro RNA synthesis to
the extent observed in figure 6.
It was thought that perhaps spermidine stimulates
RNA synthesis in in vitro assays containing "hybrids" as
templates by disrupting the native DNA-RNA complex thus
making available more sites on the DNA for transcription.
This idea, however, was not supported by melting profile
experiments.

As observed in figure 8, spermidine not

only stabilized the DNA double helix as expected, but
also stabilized the smaller complex (DNA-RNA triple
strand) against heat denaturation.

Such results did not

support the theory, proposed by Fuchs £t al. (1967)
and by Abraham (1968), that spermidine might aid in
the release of nascent RNA from the DNA.
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It was possible that the order of addition of the
compounds might have influenced the results so the
spermidine effect was examined in in vitro assays
where the only RNA present was nascent RNA synthesized
in the presence of or absence of spermidine.

Results

from sucrose gradient experiments of whole reaction
mixtures (figure 9) supported the melting profile
results.

No free c-RNA was observed and therefore, it

is likely that the major function of spermidine is not
to cause the release of or prevent the formation of
any c-RNA-DNA complex at or near the site of transcription
but must enhance in vitro RNA synthesis by influencing
some other aspect of the reaction.
In light of the results just mentioned, the
spermidine induced stimulation observed in the assays
summarized in figure 6 cannot be readily explained.
There are three possible explanations for the observed
stimulation.

First, even though the "hybrid” was

purified from excess RNA by ultracentrifugation, it is
possible that minute quantities sedimented with the
"hybrid" and, therefore, were added to the reaction
mixtrues.

RNase treatment was avoided at this step

because of the possibility of contaminating the assay
mixtures.

Effort to determine the RNA content of the

various "hybrids" indicated, however, that the pH 7,6
RNA-DNA hybrid, although causing less stimulation,
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contained more RNA than did the pH 8.3 RNA-DNA "hybrid".
Second, spermidine stabilized the template,
facilitated correct enzyme attachment and stimulated
transcription without permanently disrupting the native
DNA-RNA triple strand.

Third, only small regions of

the RNAs were bound to the DNA and the remainder of the
RNA chain could have competed for the enzyme.

Added

spermidine prevented this binding without disrupting
the DNA-RNA complex.

Transcription then occurred

much the same as when chromatin is used as a template
except for the lack of histone interference.

The results

of sucrose density gradient experiments with synthetic
poly U, to be discussed later, support this possibility.
As the results observed in figures 6, 8 and 9 did
not support the ideas of Fuchs e_t al. (1967) and
Abraham (1968), it was important to investigate the
earlier claim, by Krakow (1963) and Fox and Weiss (196I4.),
that the major role of the polyamines is to prevent
RNA-enzyme interaction.
Fox et al. (1965) observed that both DNA and RNA
compete for enzyme binding sites causing variations In
the results of RNA polyerase assays relative to the order
of addition of RNA, DNA and enzyme to reaction mixtures.
For this reason, only the order of addition causing the
greatest inhibition was used in this paper i.e., DNA
added after a brief pre-incubation of all the other
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substrates (see legend Table VII).
The results recorded in Table VII demonstrated that
all of the different RNA samples inhibited exogenous RNA
polymerase activity as compared to the control (no
exogenous RNA added).

From this a non-specific type of

inhibition is suggested likely due to the interaction
between RNA and the enzyme protein.

The reversal of RNA

inhibition by spermidine is attributed to the dissocia
tion by the organic cation of enzyme bound RNA.

The

enzyme is thus free for interaction with the DNA template.
In support of the results just discussed, homoribopolymers were subjected to sucrose gradient analysis.
Fox'et al. (1965) first demonstrated that complexes of
RNA polymerase with polyribonucleotides were formed and
could be examined by glycerol density gradient centrifuga
tion.

They observed that there is a marked difference

between the centrifugation patterns of mixtures of calf
thymus DNA and RNA polymerase and of virus RNA and the
enzyme in the absence and presence of spermidine.

The

presence of spermidine did not change the centrifugation
properties of the DNA-enzyme mixtures.

The two compounds,

although migrating to different positions in the gradient
when spun in separate tubes, always migrate as a single
broad band when centrifuged as a mixture.

Mixtures of

RNA and enzyme in the absence of spermidine produce a
similar single band pattern.

With 2 mM spermidine in the

9i|.

gradient, however, each compound of the mixture
migrates independently and to a position correspond
ing closely to that occupied when each is run separately.
An Interesting paper was published recently by
Stevens (1969) in which she reported results of similar
experiments except that divalent inorganic cations were
substituted for polyamine.

She observed that mixtures

of E. coll t-RNA and RNA polymerase could be separated
to approximately 50$ in sucrose density gradients in
the presence of either 2.5 mM MnCl^ or 10 mM MgDlg.
Mixtures of Poly U and enzyme, however, were only
slightly effected (10$ separation) when treated in a
like manner.
The system used by Stevens was expanded in this
paper to include the effect of polyamine on the homoribopolymer.

As observed in figure 11, short dashed line,

Poly U plus RNA polymerase in the presence of 2,5 mM
MnCl2 sedimented as a single band to a position midway
through the gradient.

Addition of polyamine caused a

definite separation of the mixture (figure 11, solid line)
with the majority of the radioactivity located near the
top of the gradient at a position corresponding to that
of free homopolymer (figure 11, broken dashed line).
This observation is further evidence that polyamines,
even at low concentrations influence transcription by
preventing and/or releasing RNA-enzyme binding.

9f?

The possibility that polyamines might also effect
the type of RNA synthesized was explored.

The sucrose

density gradient patterns of SDS treated reaction mixtures
(figure 10) support to an extent the observation of
Petersen et al. (1968).

Petersen et «n.. demonstrated

that spermidine induced the synthesis of more RNA chains
of low molecular weight with a single sedimentation
coefficient similar to RNA made in the absence of the
polyamine.

As shown in figure 10, RNA synthesized

in the presence of spermidine produced a similar single
band near the top of the gradient indicating that it is
low molecular weight material of homogeneous size and
shape.

The RNA synthesized in the absence of spermidine,

however, did not migrate as a single band as observed by
Petersen et a_l., but rather, two distinct peaks were
observed.
Examination of the contradiction between the results
observed by Petersen et_ al. and that reported in this
paper was facilitated by the use of disc gel electro
phoresis.

The isolated c-RNAs from spermidine induced

and control reactions when subjected to polyacrylamide
gel electrophoresis produced very different patterns.
As noted in figure 12, the RNA synthesized without added
spermidine formed two bands, the major one being of high
molecular weight and remaining near the top of the gel.
Most of the c-RNA synthesized in the presence of
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spermidine, however, migrated to the lower half of the
gel.
The results of the sucrose gradient and the disc
gel electrophoresis experiments suggested that perhaps
the major portion of in vitro RNA synthesized in the
presence of polyamine represents small fragments due to
premature termination of enzyme activity and subsequent
early release of c-RNA.

It is also possible that the RNA

synthesized without spermidine is abnormally large due
to lack of proper termination and re-initiation.

A third

possibility is that, in the absence of polyamine,
symmetric transcription is allowed and complementary
strands bind together during synthesis and/or puri
fication.
Gumport and Weiss (1969), using a virus DNA and
M. l.ysodelkticus RNA polymerase observed that, with
increased spermidine concentration in reaction mixtures,
there was a significant decrease in the amount of c-RNA
capable of being self-annealed indicating a decrease in
the degree of symmetrical copying.

This observation

supports the latter possibility mentioned above to
explain the results noted in this paper.

In the

presence of spermidine, the enzyme would transcribe
only the codogenic strand of the DNA (asymmetric
transcription) and terminate at a given locus.

The

nascent RNA is released and preferentially bound to
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polyamine. 'Without spermidine the enzyme at termination
would reverse and now transcribe the "non-codogenic"
strand or would "mis-read" the termination codon and copy
an adjacent gene.
Abnormal transcription could cause RNA, made in the
absence of spermidine, to be twice the size of spermidine
induced c-RNA.

The RNA could be complexes of the comple

mentary RNAs attached through hydrogen bonding of base
pairs forming double stranded segments of RNA.

The

product may also be longer RNA chains formed by phosphodiester bonding of the terminal nucleoside phosphate
of the first chain with the first nucleoside phosphate
of the second chain.
In an effort to determine if the larger RNA
molecules were formed from asymmetric transcription,
c-RNA samples from both spermidine induced assays and
assays run without polyamine were heated to 90°C. for
5 minutes, cooled rapidly and immediately subjected to
disc gel electrophoresis.

At the same time c-RNA from

each type of assay was isolated and purified at 1|°C.
rather than using the conventional hot phenol extraction
procedure of Sherrer and Darnell (1962),

This RNA

was then used for disc gel electrophoresis.

The first

treatment would disrupt any RNA/RNA base pairing; the
second would prevent the breakdown of heat labile
molecules.

Neither treatment, however, altered the
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electrophoretic patterns indicating that the RNAs
synthesized are single chains of different molecular
weight, the larger chains synthesized in the absence
of spermidine.
There are three explanations why this observation
is in disagreement with that of Petersen et al, (1968),
It is possible that the 1$ - 3,0% sucrose gradients :that
they used for their experiments were not sensitive enough
to indicate a difference between the two RNA samples.
Also, they added 0,033 M EDTA along with the SDS to produce
free RNA,

The EDTA was not used in any of the work re

ported here,

A third variation is that the enzyme and

template are from different sources.

Their enzyme was

extracted from E. coli and the DNA from calf thymus.
The hybridization results recorded in Table VIII
indicated that the larger RNA molecules synthesized in
the absence of spermidine hybridize with the template to
a greater extent than the spermidine induced c-RNA,

This

suggests that longer sequences of the DNA template are
transcribed in the absence of spermidine, but it is not
possible to conclude from this experiment if the tran
scription is all on a single strand (asymmetric) or if
both strands are transcribed (symmetric).

In the presence

of spermidine it appears that smaller regions of the DNA
are transcribed.
An attempt was made to reproduce the work of
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Richardson (1970) under conditions in which spermidine
was substituted for the high salt (0.2 M KC1) used by
him in the RNA polymerase assays.

Richardson was able

to show that, in the presence of high salt, enzyme
molecules can be released from one DNA template and
reinitiate a new RNA chain on a different DNA template.
The result reported here (Table IX) of one hybrid
ization experiment suggests that spermidine does not
promote reinitiation.

Close inspection of the procedure

and data during the writing of this paper, however,
revealed that the experimental conditions outlined by
Richardson were not followed exactly.

The radioactive

nucleosidetriphosphate was added to the reaction mixture
at the onset of incubation rather than, as in the
Richardson experiments, with the addition of the second
template.

This could account for the apparent negative

effect of polyamines in inducing reinitiation.
Since the completion of the experimental data
reported in this paper, this experiment has been repeated
with more rigid observance of the procedure as outlined
by Richardson,

When rat liver DNA is supplied as the

first template and Xenopus laevls DNA as the second
template, the c-RNA which is Isolated hybridizes with
X. laevls DNA at less than 5% of the hybridization obtained
with c-RNA from an assay performed with X, laevls DNA.
In contrast to this low level of hybridization, when
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2 mM spermidine is present in the assay, the hybridization
of c-RNA with Xenopus laevls DNA is approximately 30$ of
that obtained with c-RNA derived from a control assay
performed with X» laevis DNA as the only template.
Thus it appears that polyamines may enhance RNA
polymerase activity by permitting the synthesis of more
RNA chains on the template possibly by releasing enzyme
from "stalled" transcription complexes.

As a result of

the interaction of spermidine with the transcription
complex, the free RNA polymerase is presumably capable
of reinitiation of transcription with either the same
DNA template or a second DNA template.
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